SummarySmall RNA profiling of primary fibrolamellar carcinoma tumors shows microRNA-375 (miR-375) as the most dysregulated miRNA. Several disease models recapitulate the dramatic suppression of miR-375. Functional interrogation of miR-375 in a novel fibrolamellar carcinoma cell line shows that it suppresses fibrolamellar carcinoma cell growth and migration.

Fibrolamellar carcinoma (FLC) is a rare type of liver cancer that primarily affects teenagers and young adults.[@bib1] Unlike typical hepatocellular carcinoma (HCC), FLC generally is not preceded by cirrhosis, fatty liver, or other forms of liver injury.[@bib2] Currently, the only effective treatment option for FLC is surgical resection. Unfortunately, many patients have metastatic disease at the time of diagnosis, rendering surgical cures difficult.[@bib3] The lack of knowledge of underlying disease mechanisms has hindered our understanding of this cancer and the development of novel therapeutics for FLC patients.

Several studies have identified and validated a single recurrent mutation that occurs in approximately 80%--100% of FLC tumors.[@bib4], [@bib5] This mutation, a heterozygous ∼400-kb deletion on chromosome 19, fuses exon 1 of DnaJ heat shock protein family member B1 (DNAJB1) with exons 2--10 of the α catalytic subunit of protein kinase A (PRKACA). This chimeric fusion retains its kinase activity[@bib4], [@bib6] and is sufficient to induce liver tumors in wild-type mice.[@bib7], [@bib8] Importantly, introduction of DNAJB1-PRKACA by transposon-mediated somatic gene transfer and by clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 engineering of the mouse genome induced similar tumors, indicating that formation of DNAJB1-PRKACA, rather than loss of genes in the approximately 400-kb deletion, is central to FLC initiation.[@bib8] Although DNAJB1-PRKACA is sufficient to induce tumors in mice, the downstream signaling effectors of this fusion remain unclear.

MicroRNAs (miRNAs) are ∼22 nucleotide noncoding RNA molecules that function as negative regulators of gene expression at the post-transcriptional level. miRNAs typically bind to their targets by sequence complementarity in their seed region (nucleotides 2--8 counting from the 5' end of the miRNA) to mediate target degradation, messenger RNA (mRNA) destabilization, and/or translational repression.[@bib9] They have been implicated as drivers and candidate therapeutic targets in numerous diseases including a wide variety of cancers.[@bib10] Recently, 1 group profiled miRNA expression in FLC tumors and identified several dysregulated miRNAs compared with nonmalignant livers (NMLs).[@bib11] However, it still remains unclear whether dysregulation of these miRNAs is the result of DNAJB1-PRKACA signaling and if any of these miRNAs have important functions in FLC pathogenesis and disease progression.

Here, we performed small RNA-sequencing (smRNA-seq) in primary FLC tumors from The Cancer Genome Atlas (TCGA) and from an independent cohort to identify dysregulated miRNAs. We identified miR-375 as the most down-regulated miRNA in FLC and validated the massive down-regulation in 3 additional FLC cohorts. MiR-375 also was down-regulated significantly in a patient-derived xenograft (PDX) model of FLC compared with 4 liver cell populations, and was more down-regulated in FLC than in 21 of 22 other tumor types within TCGA. We also showed that introduction of the DNAJB1-PRKACA fusion in cells and in mice was sufficient to suppress miR-375 expression. Finally, we derived a new FLC cell line and showed that treatment with miR-375 mimic inhibits numerous Hippo signaling pathway members, including yes-associated protein 1 (YAP1) and connective tissue growth factor (CTGF), and significantly reduces cell proliferation and migration. Overall, our results show that miR-375 functions as a tumor suppressor in FLC and points toward future therapies based on miR-375 mimics that may provide a viable option for patients.

Results {#sec1}
=======

Identification of Dysregulated miRNAs in FLC {#sec1.1}
--------------------------------------------

To identify miRNAs dysregulated in FLC, we first analyzed smRNA-seq data from FLC samples (n = 6) in TCGA. We previously confirmed the presence of the *DNAJB1-PRKACA* fusion transcript as well as classic histologic features of FLC in these samples.[@bib12] By using miRquant 2.0, our previously published smRNA-seq analysis pipeline,[@bib13] we quantified the expression of canonical mature miRNAs and isomiRs, sequence variants resulting from alternative miRNA processing or postprocessing modifications. We identified 30 significantly up-regulated and 46 significantly down-regulated miRNAs in FLC compared with nonmalignant liver (average expression, \>100 reads per million mapped to miRNAs in either FLC or NMLs; ≥2-fold change; *P* \< .05) ([Figure 1](#fig1){ref-type="fig"}*A*). To confirm our findings, we performed smRNA-seq on an independent cohort of FLC samples (n = 18) and observed strong concordance with the TCGA cohort ([Figure 1](#fig1){ref-type="fig"}*B*). Because different smRNA-seq library preparation protocols introduce different biases through adaptor ligation,[@bib14], [@bib15] it would not be appropriate to directly compare the 2 cohorts; therefore, we sought to confirm similar trends within each cohort. In both data sets, miR-375, miR-455-3p, and miR-122-5p, all proposed as tumor suppressors,[@bib16], [@bib17], [@bib18], [@bib19] were found to be down-regulated significantly. Conversely, miR-182-5p, miR-183-5p, and miR-10b-5p, all previously reported oncogenic miRNAs (oncomiRs),[@bib20], [@bib21], [@bib22] were up-regulated significantly in FLC ([Figure 1](#fig1){ref-type="fig"}*B* and *C*).Figure 1**miR-375 is the most dysregulated miRNA in FLC.** (*A*) Volcano plot showing differentially expressed miRNAs from TCGA small RNA-seq data in FLC (n = 6) relative to NML (n = 50). *Dashed lines* represent fold change of -2 or +2 (*vertical*) and *P* = .05 (*horizontal*). (*B*) Heatmaps showing miRNA expression in the TCGA cohort (n = 6) and independent validation cohort 1 (n = 18, compared with n = 3 NML). Color intensity shows log~2~ (fold change) relative to NML within each cohort. miRNAs are included in the heatmap if they had an average expression greater than 1000 reads per million mapped to miRNAs (RPMMM) in FLC or NML and *P* \< .05 in the TCGA cohort. (*C*) Expression of 3 candidate tumor-suppressor miRNAs (miR-375, miR-455-3p, and miR-122-5p) and 3 candidate oncomiRs (miR-182-5p, miR-183-5p, and miR-10b-5p) from TCGA small RNA-seq data in FLC vs NML. Samples are plotted as individual *points*. *Boxes* represent the 25th (bottom), 50th (middle), and 75th (top) percentiles of the data. *Whiskers* represent data \<25th and \>75th percentiles. (*D*) Expression of miR-375 of matched FLC tumor and NML samples (n = 3) from independent cohort 1. (*E*) Reverse-transcription quantitative PCR validation of loss of miR-375 expression in independent cohort 2 (n = 3) of FLC samples and matched adjacent NML. Data are presented from 3 independent experiments. \*\**P* \< .01, \*\*\**P* \< .001 (Mann--Whitney *U* test, 2-sided), ^\#\#^*P* \< .01 (2-tailed Student paired *t* test; *P* \> .05; Wilcoxon signed-rank test).

We next focused our attention on miR-375 for 4 reasons. First, miR-375 together with its isomiR miR-375+1 are the 2 most down-regulated miRNAs in FLC in terms of fold change ([Figure 1](#fig1){ref-type="fig"}*A*). Second, miR-375 is down-regulated in numerous cancer types including hepatocellular carcinoma,[@bib23], [@bib24] gastric cancer,[@bib25], [@bib26] esophageal cancer,[@bib27] and head and neck squamous cell carcinomas.[@bib28] Third, miR-375 directly targets known oncogenes including *JAK2*,[@bib25] *IGF1R*,[@bib27] and *YAP1*.[@bib16], [@bib26] Fourth, miR-375 has been reported to be suppressed by the cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) signaling axis[@bib29] that is thought to be aberrantly activated in FLC.[@bib4] To further validate miR-375 suppression in FLC samples, we analyzed the subset of tumors from our independent cohort with matched NMLs (n = 3). As expected, we observed a substantial decrease in miR-375 levels in tumor tissue ([Figure 1](#fig1){ref-type="fig"}*D*). We also measured miR-375 by reverse-transcription quantitative polymerase chain reaction (PCR) in an additional independent set of FLC samples along with matched adjacent nonmalignant tissue (n = 3). Consistent with our previous results, we observed dramatic loss of miR-375 expression in FLC ([Figure 1](#fig1){ref-type="fig"}*E*). As a final validation, we examined recently published smRNA-seq data from FLC tumors[@bib11] and confirmed significant loss of miR-375 expression in this data set (∼20-fold down-regulation in FLC compared with NML, FDR \< 2.5 × 10^-12^, DESeq2). Together, these data indicate that miR-375 expression is dramatically suppressed in FLC tumors.

MiR-375 Is Dramatically Suppressed in an FLC Patient-Derived Xenograft Model Compared With Every Major Lineage Stage of the Liver {#sec1.2}
---------------------------------------------------------------------------------------------------------------------------------

To determine whether miR-375 is specifically suppressed in FLC tumor cells, we performed smRNA-seq on FLC spheroids derived from our previously described PDX model,[@bib30] and on 4 different maturational lineage stages of the liver. Because the cell type of origin of FLC remains undetermined, comparison of FLC with multiple different parenchymal cell types within the liver will provide evidence that loss of miR-375 expression occurs in FLC tumor cells as opposed to other cell types (eg, stromal) within primary tumor tissue. The lineage stages we analyzed comprise, from the most primitive to the most mature, biliary tree stem cells, hepatic stem cells, hepatoblasts, and adult hepatocytes, representing a maturational lineage trajectory ([Figure 2](#fig2){ref-type="fig"}*A*). Principal component analysis showed that samples clustered closely by cell type ([Figure 2](#fig2){ref-type="fig"}*A*). Notably, FLC PDX spheroids clustered most closely with biliary tree stem cells ([Figure 2](#fig2){ref-type="fig"}*A*), consistent with our previous analysis of mRNA profiles in the same cell types.[@bib30] Importantly, we found that miR-375 is among the most dramatically suppressed miRNAs in FLC PDX tumor cells compared with all 4 maturational lineage stages of the liver ([Figure 2](#fig2){ref-type="fig"}*B*), suggesting that loss of miR-375 does indeed occur in FLC tumor cells. Specifically, miR-375 is more than 13-fold down-regulated in PDX tumor spheroids compared with hepatocytes and more than 105-fold down-regulated compared with biliary tree stem cells ([Figure 2](#fig2){ref-type="fig"}*C*). We also observed up-regulation of miR-182-5p and miR-10b-5p as well as down-regulation of miR-122-5p in PDX spheroids compared with hepatocytes ([Figure 2](#fig2){ref-type="fig"}*C*). Taken together with our findings from primary tumor tissue, our results strongly suggest that miR-375 may function as a tumor suppressor in FLC.Figure 2**miR-375 is dramatically suppressed in an FLC patient-derived xenograft model relative to every lineage stage of the liver.** (*A*) Maturational trajectory depicts the lineage stages within the liver (*left*). Principal component analysis of small RNA-seq data from a FLC PDX model and 4 maturational lineage stages of the liver (*right*). (*B*) Heatmap showing miRNA expression in the FLC PDX model. Color intensity shows log~2~ (fold change) relative to 4 maturational lineage stages of the liver. miRNAs are included in the heatmap if they had an average expression \>1000 reads per million mapped to miRNAs (RPMMM) in any cell type and *P* \< .05 in any cell type compared with FLC. (*C*) Expression of 2 candidate tumor-suppressor miRNAs (miR-375 and miR-122-5p) and 2 candidate oncomiRs (miR-182-5p and miR-10b-5p) from small RNA-seq in 4 maturational lineage stages of the liver and the FLC PDX model. ^\#^*P* \< .05, ^\#\#^*P* \< .01 (2-tailed Student *t* test; *P* ≥ .05, Mann--Whitney *U* test). PC, principal component.

Expression of the DNAJB1-PRKACA Fusion Is Sufficient to Suppress miR-375 Expression {#sec1.3}
-----------------------------------------------------------------------------------

The cAMP/PKA signaling axis has been shown previously to suppress miR-375 expression in pancreatic β cells.[@bib29] The ∼400-kb deletion that creates the *DNAJB1-PRKACA* fusion is the most common genetic lesion in FLC tumors (occurring in ∼80%--100% of patients),[@bib4], [@bib5] and the resulting chimeric protein retains PKA activity.[@bib4], [@bib6], [@bib31] We hypothesized that DNAJB1-PRKACA is sufficient to suppress miR-375 expression. To test this hypothesis, we used 2 independent approaches.

First, we used CRISPR/Cas9 technology to recapitulate the genetic lesion found in human FLC tumors by creating a heterozygous deletion on mouse chromosome 8 in the murine hepatocyte cell line alpha mouse liver 12 (AML12). This region is syntenic to human chromosome 19, allowing us to faithfully re-create the deletion event in mouse cells ([Figure 3](#fig3){ref-type="fig"}*A*). A comparison of cells harboring the deletion (clone 14) with wild-type (WT) AML12 cells showed a significant reduction of miR-375 expression in the mutated cells that express DNAJB1-PRKACA ([Figure 3](#fig3){ref-type="fig"}*B*). We also observed up-regulation of the previously described oncomiRs miR-182-5p and miR-183-5p along with down-regulation of the tumor suppressors miR-122-5p and miR-455-3p in cells expressing DNAJB1-PRKACA compared with WT AML12 cells ([Figure 3](#fig3){ref-type="fig"}*C*).Figure 3**Expression of DNAJB1-PRKACA fusion is sufficient to suppress miR-375 and recapitulate the miRNA dysregulation in FLC.** (*A*) Western blot of WT and gene-edited AML12 cells (clone 14) with an antibody against PKA catalytic subunit α. The higher molecular weight band represents the DNAJB1-PRKACA fusion. Data are representative of 2 independent experiments. (*B*) miR-375 expression in WT (n = 3) and fusion-expressing AML12 cells (clone 14, n = 3). (*C*) Expression of previously described tumor-suppressor miRNAs (miR-455-3p and miR-122-5p) and oncomiRs (miR-182-5p and miR-183-5p) in AML12 cells with (clone 14, n = 3) and without (n = 3) DNAJB1-PRKACA fusion. Data are presented from 3 independent replicates. (*D*) miR-375 expression in liver tissue and liver tumors of mice expressing empty (pT3-empty, n = 3) and fusion-containing (pT3-fusion, n = 3) transposon, respectively. Data are presented from 3 independent biological replicates. \**P* \< .05 (Mann--Whitney *U* test, 1-sided). RQV, relative quantitative value.

We also introduced DNAJB1-PRKACA to C57BL6/N mouse livers by hydrodynamic tail-vein injection of a transposon containing the fusion, as described previously.[@bib8] We harvested tumors 4 months after injection from fusion-injected mice and liver tissue from empty vector-injected mice and compared miR-375 expression. Introduction of DNAJB1-PRKACA by transposon resulted in a significant down-regulation of miR-375 compared with control ([Figure 3](#fig3){ref-type="fig"}*C*). Together, these results suggest that DNAJB1-PRKACA suppresses miR-375 expression. However, we note that short-term introduction of DNAJB1-PRKACA in HepG2 cells did not result in a significant loss of miR-375 expression, suggesting that suppression of miR-375 may require prolonged DNAJB1-PRKACA expression and/or a very specific cellular context.

miR-375 Is a Candidate Master Regulator of Cancer Pathways in FLC {#sec1.4}
-----------------------------------------------------------------

We next compared the levels of miR-375 in FLC with 2 other liver-associated cancers, HCC (denoted as liver hepatocellular carcinoma within TCGA) and cholangiocarcinoma (CHOL), and found that miR-375 expression was decreased significantly in FLC compared with these other liver cancers ([Figure 4](#fig4){ref-type="fig"}*A*). To compare miR-375 expression in FLC with other nonliver cancers, we analyzed smRNA-seq data from 23 tumor types within TCGA. Strikingly, miR-375 expression levels were most reduced in skin cutaneous melanoma and FLC when compared with all other tumor types ([Figure 4](#fig4){ref-type="fig"}*B*). Notably, miR-375 has tumor-suppressive roles in melanoma.[@bib32]Figure 4**miR-375 is a candidate master regulator of cancer pathways in FLC.** (*A*) Expression of miR-375 in CHOL (n = 36), LIHC (n = 366), and FLC (n = 6) in TCGA smRNA-seq data. (*B*) Log~2~ (fold change) of miR-375 expression in different tumor types (n = 23) within TCGA. The size of each *circle* represents the geometric mean of miR-375 expression in each tumor type. Each tumor type is ranked on the y-axis by the log~2~ (fold change) of the geometric mean of tumor expression over non--tumor expression of miR-375. Geometric means were used instead of arithmetic means to provide robustness to outliers. Highlighted are FLC (red) as well as CHOL and LIHC (blue). (*C*) Ranked --log~2~ (*P* value) of miRhub Monte Carlo simulation. miRNAs were examined for target site enrichment in genes up-regulated in FLC. *Dotted line* represents *P* = .05. (*D*) KEGG enrichment analysis of up-regulated miR-375 target genes in FLC. \*\**P* \< .01, \*\*\**P* \< .001 (Mann--Whitney *U* test, 2-sided). BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal papillary cell carcinoma; KIRP, kidney renal clear cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma.

To determine if miR-375 may function as a potential master regulator of gene expression in FLC, we implemented our previously described Monte Carlo simulation approach called miRhub.[@bib33] Because loss of miR-375 is expected to lead to the de-repression of its targets, we examined the set of genes up-regulated in FLC compared with HCC. We chose to compare FLC with HCC as a conservative approach because miR-375 is more highly expressed in HCC than FLC, but less than NML. However, it is important to note that comparison of FLC with both HCC and NML yielded similar results. We found that miR-375 is predicted to target genes up-regulated in FLC significantly more than expected by chance ([Figure 4](#fig4){ref-type="fig"}*C*), suggesting that the loss of miR-375 is a major driver of FLC gene expression. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the set of up-regulated miR-375 target genes showed enrichment in numerous oncogenic pathways including the Wnt, Hippo, and cAMP signaling pathways ([Figure 4](#fig4){ref-type="fig"}*D*). The Wnt signaling pathway has been shown to promote DNAJB1-PRKACA--induced tumor progression,[@bib8] cAMP is an established regulator of the canonical PKA signaling axis,[@bib34], [@bib35] and Hippo signaling is overactive in FLC.[@bib36]

miR-375 Regulates Hippo Signaling {#sec1.5}
---------------------------------

To further investigate the role of miR-375 in FLC, we adapted a patient-derived xenograft model of FLC for use as a stable cell line ([Figure 5](#fig5){ref-type="fig"}*A*), as previously described,[@bib37] and performed RNA sequencing after miR-375 overexpression. miR-375 mimic-treated samples cluster separately from samples treated with a scramble control ([Figure 5](#fig5){ref-type="fig"}*B*). We identified 353 significantly down-regulated and 178 significantly up-regulated genes ([Figure 5](#fig5){ref-type="fig"}*C*) (average normalized count, ≥100 across all samples; adjusted *P* \< .05; fold change, \>2) after miR-375 overexpression. As expected, down-regulated genes were enriched in predicted miR-375 targets (*P* = 1.217 × 10^-12^, Fisher exact test). We also observed greater down-regulation in predicted miR-375 targets compared with a randomly sampled set of genes ([Figure 5](#fig5){ref-type="fig"}*D*) (*P* \< 2.2 ×10^-16^, Kolmogorov--Smirnov test). To identify important candidate miR-375 targets, we intersected genes that were down-regulated on miR-375 overexpression with genes up-regulated in primary FLC samples, where miR-375 expression is lost. KEGG pathway analysis of these genes (n = 296; average normalized count, ≥100; adjusted *P* \< .05; log~2~ fold change, \>0.5) showed enrichment in several pathways including extracellular matrix-receptor interaction (*P* = 2.134 × 10^-4^), phosphatidylinositol (PI)3K-Akt signaling (*P* = .01310), Hippo signaling (*P* = .007852), and Notch signaling (*P* = .005485). Examination of the genes that are down-regulated after miR-375 overexpression and also are predicted miR-375 targets (n = 428) showed the greatest enrichment in the Hippo signaling pathway ([Figure 5](#fig5){ref-type="fig"}*E*), providing support that miR-375 regulates Hippo signaling in FLC.Figure 5**miR-375 regulates the Hippo signaling pathway.** (*A*) Diagram of FLC cell line derivation. (*B*) Principal components analysis of RNA-seq data from miR-375 mimic and control-treated FLC cells. The 500 most variable genes were used in the analysis. (*C*) Volcano plot showing differentially expressed genes in miR-375 mimic relative to control-treated FLC cells. *Dashed lines* represent fold change of -2 or +2 (*vertical*) and adjusted *P* value = .05 (*horizontal*). (*D*) Cumulative density distribution of expression fold change (log~2~, miR-375 mimic compared with control) for miR-375 targets and 1000 randomly selected genes. (*E*) KEGG enrichment analysis of miR-375 targets that are down-regulated (average normalized count, ≥100 across all samples; adjusted *P* value \< .05; log~2~ fold change, \<-0.5; n = 428). (*F* and *G*) RNA expression of *CTGF* and *YAP1* after treatment of miR-375 mimic or control by RNA-seq (n = 3 per condition in panel *F*) and reverse-transcription quantitative PCR (RT-qPCR) (n = 4 per condition in panel *G*). Gene expression was normalized to that of *GAPDH*. RT-qPCR data are representative of 3 independent experiments. Statistical significance was determined by the Wald test (DESeq2) and the Mann--Whitney *U* test (1-sided) for RNA-seq and RT-qPCR data, respectively. (*H*) Protein expression of CTGF and YAP1 after treatment of miR-375 mimic or control. Western blot densitometry is normalized to β-actin. Data are representative of 2 independent experiments. \**P* \< .05, \*\*\**P* \< .001. ECM, extracellular matrix; PC, principal component; SCID, severe combined immunodeficiency.

miR-375 has been shown to directly target the Hippo signaling members *YAP1* and *CTGF* in other cellular contexts.[@bib16], [@bib24], [@bib26], [@bib38], [@bib39], [@bib40] Indeed, we observed a significant reduction in both *CTGF* and *YAP1* mRNA expression by both RNA-seq ([Figure 5](#fig5){ref-type="fig"}*F*) and reverse-transcription quantitative PCR ([Figure 5](#fig5){ref-type="fig"}*G*). Concomitant with the decrease in mRNA levels, we also observed a reduction in protein levels of YAP1 and CTGF after miR-375 overexpression ([Figure 5](#fig5){ref-type="fig"}*H*). To confirm these findings, we analyzed previously published argonaute high-throughput sequencing and cross-linking immunoprecipitation data in the human hepatoma cell line Huh7[@bib41] and observed enrichment of signal at the miR-375 target sites in *YAP1* and *CTGF*.

Importantly, miR-375 overexpression caused a significant decrease in colony formation ([Figure 6](#fig6){ref-type="fig"}*A*) as well as in cell migration ([Figure 6](#fig6){ref-type="fig"}*B*), which are indicative of reduced survival and invasive potential, respectively. The decrease in colony formation was consistent with reduced proliferation after miR-375 overexpression, as measured by classic markers of proliferation, *KI67* and *MCM2* ([Figure 6](#fig6){ref-type="fig"}*C*), as well as 5-ethynyl-2'-deoxyuridine (EdU) incorporation ([Figure 6](#fig6){ref-type="fig"}*D*). Collectively, our results show that miR-375 regulates members of the Hippo signaling pathway and functions as a tumor suppressor in FLC.Figure 6**miR-375 inhibits growth and migration of FLC.** (*A*) Colony formation assays after treatment of control (n = 6) or miR-375 mimic (n = 6). Colony number (*bottom left*) and colony area (*bottom right*) were quantified. Data are presented from 2 independent experiments. (*B*) Scratch wound assays after treatment of control (n = 5) or miR-375 mimic (n = 7). *Scale bar*: 100 μm. Data are presented from 2 independent experiments. (*C*) RNA expression quantified by RNA-seq of the proliferation markers *MKI67* and *MCM2* after treatment of miR-375 mimic. Statistical significance was determined by the Wald test (DESeq2). (*D*) EdU incorporation assays after treatment of control (n = 3) or miR-375 mimic (n = 3). Data are representative of 2 independent experiments. \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001 (Mann--Whitney *U* test, 1-sided, unless otherwise indicated), ^\#^*P* \< .05 (Student 1-tailed *t* test, *P* ≥ .05 Mann--Whitney *U* test, 1-sided).

Discussion {#sec2}
==========

MiR-375 has been characterized previously as a tumor suppressor in numerous gastrointestinal (GI) tissues including liver, stomach, esophagus, and colon.[@bib23], [@bib24], [@bib27], [@bib42] In addition, we have shown that miR-375 has antiproliferative effects in intestinal stem cells,[@bib43] suggesting that miR-375 might have broad tumor-suppressive functions in the GI tract. Using smRNA-seq, we identified miR-375 as the most down-regulated miRNA in FLC tumors. By comparing miR-375 expression in FLC with 22 additional tumor types in TCGA, including HCC and CHOL, we found that FLC tumors showed the second greatest loss of miR-375 expression, behind only melanoma. MiR-375 has been shown to have antiproliferative and anti-invasive properties in melanoma,[@bib32] indicating that miR-375 also functions as a tumor suppressor in non-GI contexts.

In addition to miR-375, we showed down-regulation of additional tumor suppressors (miR-455-3p and miR-122-5p) and up-regulation of oncomiRs (miR-182-5p, miR-183-5p, and miR-10b-5p) in FLC relative to NML. However, it remains to be seen if these miRNAs function as bona fide regulators of FLC.

We also report the characterization of a miRNA profile of maturational lineage stages of the liver. Small RNA profiling in 4 cell types (biliary tree stem cells, hepatic stem cells, hepatoblasts, and adult hepatocytes) and an FLC PDX model facilitated the comparison of miRNA expression across purified cell populations rather than the mixtures of cell types present in primary tumors. We found that FLC cells grouped most closely with biliary tree stem cells, matching our previous results from the analysis of gene expression profiles.[@bib30] Importantly, miR-375 expression was decreased significantly in FLC cells compared with all other normal parenchymal cell types in the liver, suggesting that miR-375 expression is indeed lost in FLC tumor cells. Because we do not have data in nonparenchymal tumor cells (eg, stromal, immune), it remains to be seen whether miR-375 also has functional roles in these cell types. Although we have analyzed these data in the context of FLC, this data set provides a rich resource for further understanding liver development and other liver-related disorders.

To gain a more mechanistic understanding of DNAJB1-PRKACA function, it is necessary to identify the genes and pathways downstream of this fusion. MiR-375 has been reported to be transcriptionally repressed by the cAMP/PKA signaling axis.[@bib29] To determine whether miR-375 is downstream of DNAJB1-PRKACA, we used 2 independent approaches. First, we used CRISPR/Cas9 technology to engineer the heterozygous deletion creating *Dnajb1-Prkaca* into the murine cell line AML12. Simultaneously, we introduced DNAJB1-PRKACA to the livers of WT C57BL6/N mice using transposon-mediated somatic gene transfer. Both methods showed significant suppression of miR-375 upon introduction of DNAJB1-PRKACA, suggesting that expression of DNAJB1-PRKACA, rather than loss of genes in the approximately 400-kb deletion, is responsible for the loss of miR-375 expression. In addition, loss of miR-375 expression is not dependent on the process of tumor formation, which occurred in mice injected with DNAJB1-PRKACA expressing transposons, because suppression of miR-375 expression also was observed in cultured AML12 cells engineered with the deletion leading to DNAJB1-PRKACA fusion. We did note, however, that introduction of DNAJB1-PRKACA into HepG2 cells, a human hepatoma cell line, did not result in suppression of miR-375, suggesting that cellular context might be important for miR-375 regulation. It remains to be seen how DNAJB1-PRKACA causes loss of miR-375 expression.

Computational prediction of miR-375 targets in genes up-regulated in FLC showed enrichment in genes involved in a number of biological processes. Notably, predicted miR-375 targets were enriched in Wnt, cAMP, and Hippo signaling. Wnt signaling has been previously connected to a genetically engineered mouse model of FLC. Expression of DNAJB1-PRKACA together with an activated form of β-catenin (CTNNB1^T41A^) significantly accelerated tumor formation and progression compared with DNAJB1-PRKACA alone.[@bib8] Wnt signaling also has been implicated in stem cell renewal in the liver and biliary tree, in agreement with the finding that FLC is rich in cancer stem cells.[@bib30] Frizzled 8, a member of the canonical Wnt signaling pathway and validated target of miR-375,[@bib44] is overexpressed in FLC. Loss of miR-375 in colorectal cancer promotes metastasis through Frizzled 8 and Wnt pathway activation,[@bib42] raising the possibility that Wnt signaling may play an important role in FLC pathogenesis and metastasis.

Our finding that miR-375 targets are enriched in the cAMP signaling pathway is notable because DNAJB1-PRKACA is a cAMP-responsive kinase.[@bib31] Loss of miR-375 would enhance cAMP signaling and promote PKA activity. Interestingly, increased cAMP/PKA activity has been reported to repress miR-375[@bib29] in other cellular contexts, and if this is occurring in FLC, it would be expected to increase cAMP/PKA activity even further.

miR-375 has been shown to repress Hippo signaling by directly targeting *YAP1* and *CTGF* as confirmed by 3' untranslated region luciferase reporter assays.[@bib16], [@bib24], [@bib26], [@bib38], [@bib39], [@bib40] Furthermore, dysregulation of Hippo signaling has been observed previously in FLC tumors.[@bib36] In agreement with this, introduction of a miR-375 mimic in a newly developed FLC cell line led to the suppression of a number of Hippo pathway members, most notably *YAP1* and *CTGF*, for which mRNA and protein levels were reduced. Importantly, introduction of a miR-375 mimic significantly reduced colony formation, EdU incorporation, and migration, indicative of reduced survival, proliferation, and metastatic potential, respectively. Previous studies have reported interactions between YAP1 and CREB,[@bib45], [@bib46] a key mediator of cAMP/PKA signaling, including in liver cancer. CREB transcriptionally activates YAP1, whereas YAP1 promotes protein stability of CREB. These findings suggest that multiple pathways regulated by miR-375 also may interact in a miR-375--independent manner to promote tumor growth.

We also identified genes that were down-regulated upon miR-375 overexpression and up-regulated in primary FLC samples, where miR-375 expression is drastically reduced. These genes were enriched in multiple pathways including extracellular matrix-receptor interaction, PI3K-Akt signaling, and Hippo signaling. FLC tumors have characteristic lamellar fibrosis from which the cancer derives its name. Despite this obvious feature, its roles in FLC biology remain unclear. Collagen and cell adhesion genes that we identified as up-regulated in primary FLC tumors include *COL1A1*, *COL4A1*, *COL4A2*, *COL4A5*, *ITGA6*, and *ITGB4*. One previous study found the fibrotic bands in FLC contained collagen I and IV, as well as additional matrix molecules.[@bib47] Loss of miR-375 may promote the up-regulation of multiple genes encoding for extracellular matrix molecules, thereby contributing to the fibrotic phenotype observed in FLC.

Dysregulated PI3K-Akt signaling has been linked to many cancers. Interestingly, miR-375 suppresses PI3K-Akt signaling in osteosarcoma[@bib48] and colorectal cancer,[@bib49] suggesting that loss of miR-375 may activate PI3K-Akt signaling in FLC. Overall, miR-375 represents a regulatory hub in FLC with loss of miR-375 expression activating multiple signaling cascades that promote FLC pathogenesis.

In addition to miR-375, other miRNAs may play a role in activating the Hippo signaling pathway. Notably, miR-455-3p is among the most down-regulated miRNA in FLC ([Figure 1](#fig1){ref-type="fig"}*B*) and is known to target WW Domain Containing Transcription Regulator 1 (WWTR1), a *YAP1* paralog and validated oncogene.[@bib50] Loss of miR-375 and miR-455-3p expression in FLC may function synergistically to overactivate the Hippo signaling pathway, resulting in increased proliferation and stemness. Interestingly, activated Hippo signaling has been implicated in globally impaired miRNA processing by sequestering DEAD-box helicase 17, a component of the microprocessor complex important in miRNA maturation.[@bib51] This impairment ultimately could result in further decreasing miR-375/miR-455-3p levels and activating Hippo signaling.

Our results provide mechanistic insight into the development of FLC outside of DNAJB1-PRKACA fusion. Our model proposes that DNAJB1-PRKACA suppresses miR-375, resulting in enhanced Hippo signaling, likely in part through increased expression of YAP1 and CTGF, ultimately promoting pro-oncogenic phenotypes including proliferation, survival, and metastasis. With RNA-based therapies showing increasing promise,[@bib10] miR-375--based therapies merit future consideration for FLC therapeutics.

Materials and Methods {#sec3}
=====================

Small RNA Sequencing {#sec3.1}
--------------------

Total RNA was isolated using the Total RNA Purification Kit (Norgen Biotek, Thorold, Ontario, Canada) per the manufacturer's instructions. RNA purity was quantified with the Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA), and RNA integrity was quantified with the Agilent 2100 Bioanalyzer or 4200 Tapestation (Agilent Technologies, Santa Clara, CA). Libraries were prepared using the CleanTag Small RNA Library Prep kit (TriLink Biotechnologies, San Diego, CA). Sequencing was performed on the HiSeq2000 platform (Illumina, San Diego, CA) at the Genome Sequencing Facility of the Greehey Children's Cancer Research Institute (University of Texas Health Science Center, San Antonio, TX).

RNA Sequencing {#sec3.2}
--------------

Total RNA was isolated using the Total RNA Purification Kit (Norgen Biotek) per the manufacturer's instructions. RNA purity was quantified with the Nanodrop 2000 (Thermo Fisher Scientific), and RNA integrity was quantified with the Agilent 4200 Tapestation (Agilent Technologies). Libraries were prepared using the NEBNext Ultra II Directional Library Prep Kit (New England Biolabs, Ipswich, MA). Sequencing was performed on the NextSeq500 platform (Illumina) at the Biotechnology Research Center (Cornell University, Ithaca, NY).

Bioinformatic Analyses {#sec3.3}
----------------------

Read quality was assessed using FastQC. For smRNA-seq, reads were trimmed, mapped, and quantified to the hg19 genome using miRquant 2.0, our previously described smRNA-seq analysis pipeline.[@bib13] Briefly, reads were trimmed using Cutadapt and reads were mapped to the genome using Bowtie.[@bib52] Perfectly aligned reads represented miRNA loci and imperfectly mapped reads (from isomiRs) were re-aligned to these loci using SHRiMP.[@bib53] Aligned reads were quantified and normalized using reads per million mapped to miRNAs. TCGA smRNA-seq data for cholangiocarcinoma (TCGA CHOL), FLC, and HCC (TCGA liver hepatocellular carcinoma) were downloaded from the Cancer Genomics Hub and mapped using the miRquant 2.0 pipeline. TCGA smRNA-seq data for 23 tumor types were downloaded using TCGA-assembler 2.[@bib54] Tumor types without normal samples were discarded and the geometric mean of miR-375 expression for tumor and normal samples across the remaining tumor types was calculated. The geometric mean was used instead of the arithmetic mean to provide increased robustness toward outliers. TCGA mRNA-seq was downloaded from the Cancer Genomics Hub. RNA-seq data were mapped to the hg38 genome with STAR.[@bib55] Transcripts were quantified with Salmon[@bib56] using GENCODE release 25 transcript annotations. Normalization and differential analysis was performed using DESeq2.[@bib57] miRhub analysis was performed using our previously described Monte Carlo simulation tool.[@bib33] KEGG pathway analysis was performed using Enrichr.[@bib58] MiR-375 targets were obtained from TargetScan release 7.2.

Primary Samples {#sec3.4}
---------------

Informed consent was obtained from all human subjects. Samples were collected according to Institutional Review Board protocols 1802007780 (Cornell University) and 31281 (University of Washington).

Animals {#sec3.5}
-------

Mice were treated as previously described.[@bib8] Briefly, female 6- to 10-week-old C57BL6/N mice were subjected to hydrodynamic tail-vein injection with sterile 0.9% NaCl solution containing 20 μg transposon and CMV-SB13 transposase (1:5 molar ratio). 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC, 0.1%) diet was administered after tail-vein injection. Animal experiments were approved by the Memorial Sloan Kettering Cancer Center Institutional Animal Care and Use Committee (protocol 11-06-011).

Cell Line Generation {#sec3.6}
--------------------

The FLC xenograft model established by the Reid Lab (University of North Carolina, Chapel Hill, NC) from patient-derived ascite tumor cells[@bib30] was maintained at Duke in severe combined immunodeficiency (SCID) bg immunocompromised mice. For passage, tumors were minced in Kubota's medium (PhoenixSongs Biologicals, Branford, CT) supplemented with 1% hyaluronic acid (Sigma, St. Louis, MO) and 50 ng/mL each of hepatocyte growth factor and vascular endothelial growth factor (Peprotech, Rocky Hill, NJ) and serially transplanted approximately every 3 months as previously described.[@bib30] The partially reprogrammed FLC line (prFLC) was generated in the Duke induced Pluripotent Stem Cell (iPSC) Shared Resource Facility and maintained at 37°C and 5% CO~2~ in complete F medium according to a published protocol.[@bib37] The presence of transcripts for DNAJB1, PRKACA, and DNAJB1-PRKACA fusion in both the xenograft tumor and the cell line were validated by PCR using the following primer set to simultaneously detect wild-type DNAJB1 (forward: GAGGAGATCAAGCGGGCCTAC, reverse: AGCCAGAGAATGGGTCATCAATG), wild-type PRKACA (forward: ACGCCGCCGCCGCCAAGAA, reverse: GAGGAACGGAAAGTTGACAGCT), and their exon 1--exon 2 fusion (DNAJB1 forward-PRKACA reverse), and product bands confirmed by Sanger sequencing.

HepG2 cells were obtained from the American Type Culture Collection (Manassas, VA). DNAJB1-PRKACA was cloned by PCR from a previously described FLC model[@bib30] using forward and reverse primers to DNAJB1 (5'-GAGGATCCATGGGTAAAGACTACTACCAGACGTTGGGCC) and PRKACA (5'-GAGCGGCCGCCTAAAACTCAGAAAACTCCTTGCCACACTTCTCATTG), respectively. Enhanced green fluorescent protein (EGFP) was PCR-cloned using forward and reverse primers (5'-AAGGATCCATGGTGAGCAAGG and 5'-CCCGAATTCTTACTTGTACAGCTCG). PCR products were cloned into the pCR-Blunt II-TOPO vector (Thermo Fisher Scientific) and subcloned into the pLV-EF1a-IRES-Puro vector (Addgene plasmid 85132; a gift from Tobias Meyer). HEK293/T17 cells (American Type Culture Collection) were transfected with DNAJB1-PRKACA and EGFP independently along with psPAX2 (Addgene plasmid 12260; a gift from Didier Trono) and pMD2.G (Addgene plasmid 12259; a gift from Didier Trono) to produce lentiviral particles, which were concentrated using Lentiviral-X Concentration (Takara Bio USA, Mountain View, CA) per the manufacturer's protocol. HepG2 cells were transduced with varying concentrations of lentivirus for 24 hours and selected with 2 μg/mL puromycin (Thermo Fisher Scientific) for 4 days. Selectable cells treated with the lowest concentration of virus were used for further passaging and experiments to obtain a majority of cells with 1 viral integration.

WT AML12 cells were a gift from the Fausto laboratory.[@bib59] Guide RNA sequences were chosen in the first intron of the mouse *Dnajb1* gene and the first intron of the mouse *Prkaca* gene. The sequences of the guide RNAs used were as follows: 5'-GCATTCCGGGGATCTAGCGG (*Dnajb1*) and 5'- TAGTGCTGAGGAGAGTGGGG (*Prkaca*). These guide RNAs are expected to induce double-strand breaks at each site; when they occur on the same allele, nonhomologous end-joining will fuse the genomic regions, deleting the intervening approximately 400 kb, and generating a chimeric fusion between *Dnajb1* and *Prkaca*. AML12 cells were transfected with a modified PX458 plasmid encoding *Streptococcus pyogenes* CRISPR associated protein 9 (SpCas9) and the guide RNAs driven from individual U6 promoters. Transfected cells were plated as individual cells and grown to individual colonies. These clones then were screened by immunoblot and PCR analysis.

Quantitative PCR {#sec3.7}
----------------

Total RNA was isolated from AML12 cells, pT3 transposon-injected samples, and Huh7 cells using the Total RNA Purification Kit (Norgen Biotek) per the manufacturer's instructions. RNA from AML12 cells and liver tissue from FLC and paired NML was extracted using TRIzol (Life Technologies, Carlsbad, CA) and the rNeasy Mini Kit (Qiagen, Germantown, MD) as described by the manufacturer. Reverse-transcription was performed using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific) or the Iscript Complementary DNA synthesis kit (Bio-Rad, Hercules, CA). Gene expression was quantified with TaqMan Gene Expression Assays (Thermo Fisher Scientific) on a CFX96 Touch Real-Time System (Bio-Rad) or the 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). miRNA expression levels were normalized to *U6*. The TaqMan assays used were miR-375 (assay ID 000564), miR-122 (assay ID 002245), miR-455 (assay ID 002455), miR-182 (assay ID 002599), miR-183 (assay ID 002269), and miR-10b (assay ID 002218).

Total RNA was extracted from prFLC cells using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen) according to the manufacturer's instructions. Complementary DNA was synthesized using the Superscript First Strand Synthesis System (Invitrogen, Carlsbad, CA) and amplified with SYBR Green PCR Master Mix (Applied Biosystems) using gene-specific primers (glyceraldehyde-3-phosphate dehydrogenase: 5\'-TGGGTGTGAACCATGAGAAG, 5\'-GCTAAGCAGTTGGTGGTGC; YAP1: 5'-CCGACTCCTTCTTCAAGCC, 5'-CGAACATGCTGTGGAGTCA; and CTGF: 5'-GAAATGCTGCGAGGAGTG, 5'-GCTCTAATCATAGTTGGGTCTG). All targets were amplified on a Step One Plus Real Time PCR System (Applied Biosystems), and expression was normalized to the housekeeping gene *GAPDH*.

Western Blot {#sec3.8}
------------

AML12 cells were lysed at 4°C in RIPA buffer (Sigma) supplemented with Complete Protease Inhibitor Cocktail (Sigma), Pierce Phosphatase Inhibitor (Thermo Fisher Scientific), 1 mmol/L phenylmethanesulfonyl fluoride, 0.1% β-mercaptoethanol, and 1 mmol/L dithiothreitol. Lysates were flash-frozen, thawed, and centrifuged for 10 minutes at 14,000 × g at 4°C. Protein concentration was quantified using the Pierce Microplate BCA Protein Assay Kit--Reducing Agent Compatible (Thermo Fisher Scientific). Samples were diluted 3:1 in NuPAGE LDS Sample Buffer (Thermo Fisher Scientific), heated at 70°C for 10 minutes, loaded into NuPAGE 10% Bis-Tris Protein Gels (Thermo Fisher Scientific), and run in 1× MOPS buffer (Thermo Fisher Scientific). Transfer to polyvinylidene difluoride membranes was performed with the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked with 5% bovine serum albumin for 1 hour at room temperature, probed with rabbit anti-PRKACA (1:200, sc-903; Santa Cruz Biotechnology, Dallas, TX) and mouse anti--β-actin (1:1000, 3700; Cell Signaling Technology, Danvers, MA) overnight at 4°C, and then incubated with donkey anti-rabbit 680RD (1:10,000; LI-COR Biosciences, Lincoln, NE) and donkey anti-mouse 800CW (1:10,000; LI-COR Biosciences) for 1 hour at room temperature. Membranes were visualized using the ChemiDoc MP (Bio-Rad).

prFLC cell lysates were prepared using RIPA buffer (Sigma) supplemented with 1 mmol/L sodium orthovanadate and protease inhibitor cocktail (Sigma) and spun at 16,000 × g. Supernatants were quantified, resuspended in sodium dodecyl sulfate sample buffer, and stored at -80°C. Proteins were separated on 4%--20% sodium dodecyl sulfate--polyacrylamide gel electrophoresis and transferred to nitrocellulose. Membranes were blocked with 5% bovine serum albumin and exposed overnight to the following antibodies: YAP1 (1:1000, 14074; Cell Signaling Technology), CTGF (1:1000, 86641; Cell Signaling Technology), and developed with anti-rabbit horseradish peroxidase secondary antibody (GE Healthcare, Chicago, IL) using SuperSignal West Femto (Thermo Fisher Scientific) on a Bio-Rad ChemiDoc system. Protein loading was normalized using signal from β-actin--horseradish peroxidase (GenScript, Piscataway, NJ).

Colony Formation and Cell Migration Assays {#sec3.9}
------------------------------------------

miR-375 miRCURY LNA mimic and negative control miRCURY LNA (Qiagen) were transfected at a 50 nmol/L final concentration using RNAiMAX Reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. For cell migration assays, prFLC cells were transfected in F medium and replated 4 days later in fresh F medium in 24-well, flat-bottom, tissue culture plates at 50,000 cells/well to achieve confluence. The next day, scratch wounding was initiated with a P200 pipette tip and cells were imaged at 0, 24, 48, and 72 hours. For colony formation assessment in monolayer cultures, prFLC cells were plated in 6-well plates at a concentration of 15,000 or 36,000 cells/well and transfected. After 4 days, cells were stained with 0.1% crystal violet in 0.1 mol/L borate, pH 9.0, and 2% ethanol for 20 minutes and colonies were quantified in ImageJ (FIJI).

EdU Incorporation {#sec3.10}
-----------------

prFLC cells were plated in F medium in 24-well plates at a density of 10,000 cells/well. After overnight incubation, cells were transfected with miR-375 or negative control miRCURY LNA mimic (Qiagen) at a 50 nmol/L final concentration using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer's instructions. Forty-eight hours after transfection, cells were incubated for 2 hours with 10 μmol/L EdU. Cells were washed with phosphate-buffered saline, fixed in 4% paraformaldehyde for 20 minutes, and permeabilized with Triton X-100 (Fisher Scientific, Hampton, NH) for 20 minutes. EdU was detected using the Click-iT Plus EdU Alexa Fluor 594 Imaging kit (Invitrogen) according to the manufacturer's instructions with reactions scaled appropriately for 24-well plates. Cells were counterstained with Hoechst 33342 (Life Technologies). Images were acquired on a ZOE Fluorescent Cell Image (Bio-Rad). For each experiment, at least 5 independent fields were imaged per well. Images were analyzed in ImageJ (National Institutes of Health, Bethesda, MD) and cells were manually and independently counted by 2 researchers.

Statistics {#sec3.11}
----------

Statistical significance was determined primarily by the Mann--Whitney *U* test for unpaired samples and the Wilcoxon signed-rank test for paired samples as indicated in the figure legends. Any alternative statistical tests that were used are noted in the text and figure legends. Statistical comparisons were performed in R (3.3.1). *P* \< .05 was considered statistically significant.
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